Many constituents of Wnt signaling pathways are expressed in the developing and mature nervous systems. Recent work has shown that Wnt signaling controls initial formation of the neural plate and many subsequent patterning decisions in the embryonic nervous system, including formation of the neural crest. Wnt signaling continues to be important at later stages of development. Wnts have been shown to regulate the anatomy of the neuronal cytoskeleton and the differentiation of synapses in the cerebellum. Wnt signaling has been demonstrated to regulate apoptosis and may participate in degenerative processes leading to cell death in the aging brain.
Introduction
Wnt proteins (the name is derived from mouse Int-1 and Drosophila wingless) are a large family of signaling molecules that have well-established roles in regulating embryonic patterning, cell proliferation and cell determination [1,2 • ]. There are a total of 24 known vertebrate Wnts, with 18 identified in the mouse [3] . They interact with members of the Frizzled family of receptors to activate downstream signaling events through at least two distinct pathways, one of which controls gene transcription and the other Ca 2+ fluxes [4, 5, 6 • ]. To date, 11 members of the Frizzled family have been identified in mice which encode for seven transmembrane domaincontaining serpentine receptors. Wnt-mediated signaling is also controlled extracellularly by proteins that either potentiate or inhibit receptor activation. As many wnt proteins and frizzled receptors are expressed in both the developing and mature nervous systems [5] , this has stimulated much recent work to examine their roles in both neural development and function. In this commentary, we review recent advances in understanding mechanisms of Wnt signaling. Of particular interest, we discuss the recently discovered elaborate mechanisms developed by metazoan organisms to control spatial and temporal signaling by this important family of molecules. Within the embryonic nervous system, recent work shows that Wnt proteins are involved in almost all important patterning events. Surprisingly, Wnt proteins appear to be equally important at later stages of development and in the mature brain. These observations suggest many productive directions for future research by neuroscientists.
Wnt signaling pathways
For several years it has been known that many Wnt proteins activate gene transcription through a pathway controlled by β-catenin [1,2 • ] (illustrated in Figure 1 ). Wnt protein binding to Frizzled receptors activates Dishevelled. Activation of Dishevelled results in inhibition of glycogen synthase kinase-3β (GSK-3β), which results in stabilization of β-catenin. Free β-catenin forms nuclear complexes with members of the TCF/LEF transcription factor family to regulate expression of numerous genes [6 • ].
In the absence of Wnt signaling, β-catenin is associated with a complex including GSK-3 β, Axin and the adenomatous polyposis coli tumor suppressor protein (APC). Phosphorylation of β-catenin by GSK-3β results in its ubiquitination and subsequent degradation by proteosomes [7,8 • ,9,10] . While members of the TCF/LEF family associate with free β-catenin in cells in which there is active Wnt signaling, in the absence of Wnt the TCF/LEF family members associate with Groucho, a transcriptional inhibitor [6 • ]. Thus TCF/LEF transcription factors have opposing effects on gene expression, depending upon which proteins they are associated with. Complexes of TCF/LEF and β-catenin may cooperate with factors activated by other signaling pathways. Wnt and transforming growth factor β (TGF-β) family member signaling are synergistic, for example, in formation of Spemann's organizer. There it has recently been shown that β-catenin and LEF-1/TCF form a complex with Smad4, a transcription factor involved in TGF-β signalling, and promote translocation of Smad4 to the nucleus where they cooperatively control expression of a Wnt target gene twin [11 • ]. In other instances Wnt and TGF-β family-dependent signaling are antagonistic. The nature of the interactions must depend upon cellular context. Recent work has identified additional protein kinases that act both upstream and downstream of β-catenin. Casein kinase I-ε (CkIε) has been shown to form a complex with Dishevelled, Axin and GSK-3β [12 • ]. It functions to stabilize β-catenin and to activate β-catenin-dependent signaling pathways. Thus it appears to be an upstream effector controlling β-catenin. In contrast, a Caenorhabditis elegans homologue of TAK-1 (TGFβ-activated kinase-1) named MOM-1 has been shown to activate a NEMO-like kinase (NLK) named LIT-1, which phosphorylates TCF/LEF factors resulting in inhibition of the interaction of β-catenin/TCF complexes with DNA and suppression of wnt signaling [13 •• ,14,15] . In addition, the C. elegans β-catenin homologue, Wrm-1, forms a complex with and activates LIT-1 [13 •• ] . Thus this protein kinase is able to inhibit Wnt signaling both as part of a feedback loop and as a transducer of a signal from another protein kinase. As LIT-1 is closely related to the Drosophila tissue polarity gene NEMO, this signaling pathway appears likely to be conserved among many metazoan phyla.
Other signaling pathways are likely to modulate wnt signaling at many steps. In Dictyostelium, for example, a novel cAMP-activated tyrosine kinase ZAK1 has been shown to activate GSK-3β and thereby to control several developmental pathways [16 •• ] . Similar kinases seem likely to be present in metazoan phyla. In Drosophilia, naked cuticle encodes a protein which is induced by Wnt signaling and functions to limit Wnt responsiveness [17 • ]. The protein Some of the most interesting work on wnt signaling during the past few years has examined pathways that are not dependent upon transcription (see Figure 1 ). The Wnt signaling pathway controls orientation of mitotic spindles in C. elegans by a pathway not requiring gene transcription [25, 26] . Control by Wnt and Frizzled signaling of planar cell polarity in the Drosophila eye appears to be mediated through RhoA, a small G protein [27] . These observations could be explained by regulation of other proteins by GSK-3β. Known targets of this enzyme include microtubule-associated proteins [28] . In addition, recent work has also shown that some wnt proteins can activate phosphatidyl inositide metabolism, Ca 2+ fluxes, and protein kinase C (PKC) by pathways dependent upon trimeric G proteins [29, 30, 31 •• ]. The Wnt proteins able to activate phosphatidyl inositide metabolism and PKC appear to be distinct from those that activate β-catenin [32] . They also appear to activate a set of Frizzled receptors distinct from those controlling β-catenin activity. This more recent work has shown that Wnt signaling is much more divergent and, presumably, more flexible than was apparent from early work. In the future, it seems likely that additional signaling pathways will be discovered. Much work remains to understand mechanisms of specificity and of control of final targets, such as cell fate or morphology.
Regulation of Wnt protein expression and action
Given the complexity of the Wnt signal transduction pathway, it is not surprising that many extracellular molecules have been found to regulate Wnt action. Proteins that appear to act as Wnt protein antagonists include the secreted Frizzled related proteins (sFRP), Dickkopf (Dkk), and cerberus (Cer). sFRPs, as their name suggests, are secreted proteins with amino-acid similarity to the Frizzled receptors [3, [32] [33] [34] [35] . sFRPs are thought to act as Wnt antagonists by forming nonfunctional interactions with either Wnts or Frizzled receptors (for example see [36] ).
Many of the sFRP genes have been found to be expressed in the developing nervous system, usually in close proximity to Wnt-positive tissues [37] [38] [39] [40] . Dkk-1 belongs to a secreted family of proteins with two highly-conserved cysteine-rich domains; these proteins can induce head (brain) formation in Xenopus and are potent inhibitors of Wnt signaling, although the exact mechanism of inhibition is currently unknown [41] . Finally, Cer is another secreted protein with head-inducing activity in Xenopus. Cer can bind directly to Xwnt-8 and inhibit its activity in Xenopus axis duplication assays [42 •• ] . Interestingly, Cer is a multivalent growth-factor antagonist, binding to Nodal, bone morphogenetic protein (BMP), and Wnt proteins at different sites, suggesting cooperative regulation of signaling by these factors. Indeed, according to the two-inhibitor model for head induction, it is the combined inhibition of Wnts and BMPs that induce the presumptive forebrain (reviewed in [43] ).
These three examples demonstrate that regulation of Wnt protein binding to its Frizzled receptors can be a crucial step in modulating Wnt signaling. The list of regulators of Wnt signaling is constantly growing, and many of these factors have not yet been investigated in the nervous system. For example, Wnt-inhibitory factor-1 (WIF-1) is a secreted protein that binds to Wnt proteins and can inhibit their activities during somitogenesis [44] . Extracellular regulation of Wnt protein is not only inhibitory; for example, the protein encoded by the division abnormally delayed (dally) gene is a cell-surface, heparan-sulphate-modified proteoglycan that potentiates signaling by Wnt and by decapentaplegic, a TGF-β homologue [45 • ].
Little is known about the pathways in the developing nervous system that regulate Wnts at the level of gene transcription. Rowitch et al. [46] have isolated an evolutionarily conserved 110 base-pair cis-acting regulatory sequence from the mouse wnt-1 locus that is capable of recapitulating the wnt-1 expression pattern in the embryonic midbrain. Although this sequence contains consensus binding sites for transcription factors, the critical sites have not yet been identified. Wnt-2b, 3a, and 5a have been shown to mark the medial margin of the developing telencephalon just dorsal to the choroid plexus [47] . Extra-toes J (Xt J ) mouse mutants show a partial ventralization of telencephalon, with a loss of dorsal structures such as the choroid plexus and the neuroepithelial zone marked by the Wnt genes [48 •• ] . Xt J carries a mutation in gli3, a vertebrate homolog of the Drosophila gene cubitus interruptus (ci), which encodes a Hedgehog-induced transcriptional regulator of the Drosophila wnt gene, wingless. The expression of sonic hedgehog in the ventral telencephalon is not affected in Xt J mice. Whether wnt transcription is directly activated by Gli3 or is indirectly induced upon correct dorsal specification is still an open question.
Wnt signaling in development of the nervous system
In recent work, Wnt signaling in Xenopus embryos has been shown to inhibit expression of BMP-4 and thereby activate neural development [49 •• ] . BMP-4 expression had previously been shown to inhibit neural induction of the dorsal ectoderm. Antagonists of BMP-4 secreted by Spemann's organizer had been shown to control neural induction by inhibition of BMP-4 activity. This more recent work suggests that Wnt signaling contributes to neural induction by repressing BMP-4 expression, which makes the dorsal ectoderm more sensitive to these BMP antagonists. The TCF family of transcription factors appear to be involved because a dominant-negative TCF inhibits neural induction.
Wnt proteins have also been shown to regulate many of the early patterning events in the developing nervous system. As discussed earlier, inhibition of both BMP and Wnt signaling is essential for forebrain patterning [43] . At a slightly later stage, neural crest has been shown to be specified at the lateral edges of the neural plate prior to neural tube closure in Xenopus embryos. A Wnt-mediated signal from the posterior nonaxial mesoderm appears to establish a posterior-lateral domain in the lateral neural plate from which neural crest cells later emerge [50] . While inhibition of BMP signaling is essential to specify neural crest, an additional signal which can be inhibited by a dominant-negative Wnt-8 is required, implicating a Wnt signaling pathway [51] . Intriguingly the same dominant-negative Wnt-8, which prevents specification of the posterior-lateral domain in the neural plate and prevents specification of neural crest, was not effective in preventing neural induction in the work of Baker et al. [49 •• ] . Thus there appear to be differences in the signaling pathways that mediate these actions.
Two Wnt proteins, Wnt-1 and Wnt-3a, are coexpressed at the dorsal midline of the developing neural tube and appear to have redundant functions in controlling dorsolateral patterning in murine embryos [52] . In the absence of these two proteins, many fewer neural crest derivatives and dorsal-lateral neural precursors within the neural tube are found. As cells expressing markers corresponding to different positions along the dorsal-ventral axis continue to be present, these authors suggest that Wnt-signaling is not controlling determination but promoting expansion of precursors of the neural crest and dorsal-lateral neural tube.
More direct evidence that Wnt proteins control the determination of neural crest has been obtained by injection of activators or inhibitors of the Wnt signaling pathway into single neural crest progenitors in Zebra fish [53] . In these experiments, activation of the Wnt pathway promoted pigment cell formation, while inhibition of Wnt signaling promoted formation of neurons and glia. These molecules appeared to be acting instructively because injection of activators resulted in formation of pigment cells at the expense of neurons and glia while injection of inhibitors had an opposite effect. In more recent work from the same laboratory, the Wnt pathway has been shown to regulate directly a transcription factor which is essential for pigment cell formation [54 • ]. Thus, these results suggest that Wnt proteins are not simply controlling expansion of precursor pools [55 •• ] .
Many of the molecules involved in the dorsal-ventral patterning of the neural tube also direct patterning of the telencephalon (for example see [56 • ]). In particular, the wnt 3a, 5a, and 2b genes are expressed in the cortical hem which forms the boundary between the hippocampus and choroid plexus in the embryonic cerebral cortex [47] . Recently it has been shown that absence of Wnt3a does not detectably perturb specification of cells adjacent to the hem but does result in a striking reduction in their proliferation [57 •• ] . As a consequence, there is a failure of hippocampal development with the dentate gyrus completely absent and CA3, CA1, and the subiculum absent in rostral regions and severely reduced in caudal regions of the cortex. There is a similar failure of hippocampal development in a mouse expressing a gene encoding a Lef-1-lacZ fusion product which interferes with β-catenin activation of TCF/LEF proteins [58 • ]. In contrast, most of the hippocampus develops normally in a Lef-1 knockout but dentate granule cells are missing and BrdU labeling demonstrates that there is a large decrease in proliferation of their precursors [58 • ]. Glia and interneurons are still present in the dentate gyrus, so the deficit in proliferation appears to be limited to a subpopulation of the precursors that populate this region. Thus Wnt signaling through β-catenin and TCF/LEF transcription factors controls proliferation of all or almost all hippocampal cell precursors, but different TCF/LEF family members transmit this signal in different subpopulations.
Wnt proteins continue to be expressed in the brain at later embryonic and postnatal stages and a series of interesting papers implicate Wnt signaling in many aspects of cerebellar development. Within the postnatal cerebellum, expression of the gene encoding Wnt-3a is restricted to Purkinje cells and results suggest strongly that expression depends upon the presence of cerebellar granule cells [59] . Wnt-7a expression is restricted to granule cells [60] . Wnt-7a has autocrine or paracrine effects upon these cells, increasing levels of the synaptic vesicle-associated protein Synapsin I and controlling through GSK-3β phosphorylation of a microtubule-associated protein 1B (MAP-1B) [28, 60] . Granule cells have been shown to secrete factors that induce synaptic remodeling in the mossy fiber terminals that form elaborate synaptic contacts with these cells named mossy fiber rosettes. Recent work has shown that this effect can be mimicked by Wnt-7a in vitro [24 •• ] . Wnt-7a mutant mice also show a delay in the morphological maturation of these rosettes and in accumulation of synapsin I. Effects in vivo are transient, but Wnt-7b has been shown to be also expressed within granule cells in vivo and to have effects similarly to Wnt-7a on mossy fibers in vitro. Thus, it is not unexpected that the cerebellar phenotype of the Wnt-7a mouse is transient. These results suggest that Wnt proteins may have widespread regulatory effects upon neuronal maturation, synapse formation and synaptic plasticity.
Inhibition of β-catenin or TCF rescues cells from apoptosis in the Drosophila eye [61] . This has stimulated work to examine the possible roles of the Wnt signaling pathway in regulation of neuronal apoptosis and degeneration. In contrast to the results in Drosophila, inhibition of β-catenin or TCF has been reported to render hippocampal neurons more sensitive to apoptosis [62] . Forced expression of the gene encoding β-catenin has been shown to result in elevated levels of p53 in some cells [63] , which depending upon cell type could either promote or protect cells from apoptosis. Pursuing a possible involvement of these molecules in neurodegenerative disease, several groups have recently shown that β-catenin associates with presenilins, membrane proteins implicated in Notch signaling and in Alzheimer's disease [64] . GSK-3β and APC have also been detected in this complex, but there is disagreement about whether presenilins stabilize or destabilize β-catenin [62, 65] . Intriguingly, tau has also been detected in this complex and GSK-3β is a strong candidate to generate the hyperphosphorylated Tau which is found in paired helical filaments in Alzheimer's disease. Many pieces are missing from this picture. In particular, it is not clear whether association with presenilin regulates the activity of GSK-3β. It is also uncertain whether the mutated products of presenilin which predispose persons to developing Alzheimer's disease alter the properties of this complex or of any molecules within it. While much remains to be explored, these data do suggest that deficits in Wnt signaling may promote formation of paired helical filaments and render neurons more sensitive to apoptosis in the mature brain.
Downstream targets of Wnt signaling
Despite significant advances in the understanding of Wnt signal transduction, very few downstream targets of this pathway are currently known. Some of these targets include the mab-5 Hox gene in C. elegans [66] , Sloppy Paired [67] and Ubx in Drosophila, siamois in Xenopus, and c-MYC in mammalian cells (reviewed in [6 • ]). All of these known downstream genes are transcriptional factors whose targets are not well characterized, and hence we are left with a large gap in our knowledge on how the transcription-dependent morphological effects of Wnt signaling are carried out during development. However, some hints as to how Wnts can effect neuronal patterning have recently emerged.
First, in a study concerning neurotrophin-3 (NT-3) regulation, we have found that epithelial-expressed Wnts can induce mesenchymal expression of NT-3 in the limb-bud during mouse development [68 •• ] . Neurotrophins are a family of growth factors expressed in neuronal target tissues that regulate neuronal survival, differentiation, and function [69] .
A link between Wnt signaling and neurotrophin expression raises the question if any of the known effects of Wnts, such as regulation of neuronal survival or differentiation, are mediated through neurotrophins. Although it is not yet known how direct the Wnt-neurotrophin connection is, LEF-1 is required for the development of many organs involved in epithelial-mesenchymal interactions, and many of these regions express NT-3.
Second, the Wnt pathway has been shown to regulate the expression of the substrate adhesion molecule Fibronectin [70 •• ] . Using Xenopus fibroblasts, it has been shown that the fibronectin gene is a direct target of Wnt signaling and that LEF can bind and activate the fibronectin promoter. Furthermore, overexpression of cadherins in these fibroblasts downregulates fibronectin. As expression can be restored by coexpressing β-catenin, cadherins appear to be inhibiting fibronectin expression by sequestering β-catenin. This work suggests that free β-catenin, due to its dual roles in Wnt signaling and cadherin-mediated cell adhesion, functions as a switch between cell-cell versus cell-substrate adhesion and that this is one mechanism by which it has a profound effect on patterning and development [71] .
Conclusions
Our understanding of Wnt signaling complexity has advanced tremendously in the last few years. The identification of the Frizzled proteins as Wnt receptors, and the alternative path of Wnt signaling through G-protein mediated calcium release are two of many new findings. In addition, Wnt signaling is now thought to share elements involved in disparate signal transduction pathways. These include interactions with CK I-ε, JNK, cAMP-dependent protein kinase, notch signaling, cadherin-mediated cell adhesion, TGF-β and BMP signaling. How these interactions are coordinated and executed are compelling challenges for the future. The discovery of a vast number of extracellular molecules that potentiate or inhibit the binding of Wnts to their receptors alerts us to the importance of having multiple steps to control Wnt actions. The links between regulatory molecules of the Wnt signal transduction pathway and its final targets and morphological effects on cells are not well understood. With the advent of DNA microarray technology we will soon have a more complete repertory of genes that are affected by Wnt signaling. Within the nervous system, the function of Wnts is still sketchy: roles in proliferation, specification, and differentiation have been demonstrated but, in most instances, mechanisms remain undefined. A deeper understanding of the role of the different components of the Wnt signaling pathway will emerge with the help of nervous-system-specific knockouts, which will help separate neuronal-specific phenotypes from roles of Wnts in other systems. 
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